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ABSTRACT 
The use of foam for underbalanced drilling applications is increasing 
significantly. This is because foam exhibits properties, which are desirable when 
drilling depleted and low-pressure wells. However, a good knowledge of foam 
hydraulics and cuttings transport (hole cleaning) is essential for successful applications 
of foam drilling technology. Cuttings transport with foam in inclined wells is still less 
understood. Change in inclination makes it difficult to predict the bed height and 
pressure profiles along the wellbore. Variations in drilling parameters have significant 
effects on the foam properties and cuttings transport mechanisms. This investigation 
focuses on understanding the effects of drilling parameters on the cuttings concentration 
and pressure profiles. Properly designed foam drilling requires efficient hole-cleaning 
thus avoiding any lost circulation, formation damage and stuck-pipe. 
A new transient wellbore hydraulics and cuttings transport model has been 
developed. The model incorporates frictional pressure loss and hydrostatic pressure 
change occurring in the wellbore, and it predicts foam flow properties (density, 
viscosity, velocity, quality, and pressure) at different depths of the well bore. 
In order to predict the cuttings bed formation in horizontal wells, a mechanistic 
hole-cleaning model consisting of two layers has been utilized . The model is based on 
torque balance for a particle on the surface of a bed formed in build-up or horizontal 
section of a wellbore. In addition, a new model has been formulated for the local shear 
stress and local fluid velocity in the eccentric annulus to be applied in the torque and 
force balance equations. A computer program (simulator) has been developed to solve 
xii 
the model equations using finite difference method to calculate cuttings concentration 
and pressure profiles as a function of time. 
Model predictions were compared with published experimental data and the 
model is fine-tuned to minimize discrepancies. Extensive parametric study was 
conducted to investigate the effects of different drilling parameters on cuttings 
concentration and pressure profiles. Results show how the cuttings bed front moves up 
in the annulus along the build-up and horizontal sections. A detailed sensitivity analysis 
of the effects of gas and liquid flow rates, foam quality, and back pressure on the 
cuttings concentration and pressure profiles was perfonned. The effect of inclination on 
the equilibrium bed height and critical foam velocity were studied in detail. The model 
also takes into account the liquid influx during underbalanced drilling. Parametric 
study on the effects of liquid influx on the foam properties and cuttings concentration 
was conducted. 
Model predictions showed a good match with experimental results for concentric 
horizontal annulus except at higher polymer concentrations (greater than 0.25%). The 
simulation results show that bed height and bottom-hole pressure are quite sensitive to 
the changes in surface foam injection rates and back-pressure, thereby can be best 
optimized by properly adjusting the input parameters. In extreme underbalanced 
conditions, water-influx can result in reduction of foam quality (as much as 23%) 
without affecting much of its hole-cleaning performance. The result also suggests that 
hole-cleaning is a function of inclination. The bed height increases with increase in 
inclination angle until a critical angle of 90°-cp (cp is the angle of repose) after which, it 
reduces. 
xiii 
CHAPTER 1: INTRODUCTION 
Foam is a dispersion of gas in liquid-phase stabilized by surfactant molecules . 
The liquid is a continuous phase. Gas is dispersed as bubbles separated by liquid films 
known as lamellae. Foam quality is the most important property of foam that affects it 
properties. Foam quality represents the volume fraction of gas-phase in the foam. 
Hence: 
(1.1) 
where, Vg is the volume of the gas phase and VL is the volume of liquid phase. At high 
qualities (greater than 97.5%), foam becomes unstable and turns into mist. The liquid-
phase disperses in the gas-phase which becomes continuous. Foam is characterized as 
dry or wet foam depending on its quality (Fig. 1.1 ). When the quality ranges between 
95% - 97.5%, it is classified as dry foam, and its bubbles tend to fom1 polyhedral 
structure separated by thin film of liquid and have thin lamellae. On the other hand, at a 
medium quality range (55%-95%), it is classified as wet foam, and the bubbles are more 
likely to have a spherical or polyhedral shape and have thick lamellae. 
1 
Wet Foam Dry Foam 
Fig. 1.1 Structure of wet foam vs. dry foam 
Foams used in drilling operations are generated by mixing gas phase and liquid 
phase that contains surfactant at low concentration (<3%). Often it is created either by 
the shearing action of gas injection (nitrogen or carbon dioxide) into the liquid or 
vigorous agitation of the two phases in the presence of surfactant. Aqueous foams 
utilize water as a base liquid phase. A foam bubble can be described as consisting of 
lamellae, plateau borders and nodes/vertexes (Ibizugbe 2012). The lamellae are the 
liquid films that separate the adjoining bubbles. Usually when three or four bubbles of 
high quality foam meet, the bubbles form of polyhedral structure. At the junction, 
liquid films are curved and meet at a line fanning what are called plateau borders. The 
nodes are the junctions of plateau borders (Fig. 1.2) . Typically, in wet foams, bubbles 









Fig.1.2 a) Foam structure (Von Phul and Stern 2004); and b) node (Koehler et al. 1999) 
The stability of foam is improved by addition of surfactant and polymers. A 
molecule of surfactant possesses surface activity. It consists of a polar hydrophilic 
(water-soluble) head group and a non-polar hydrophobic (oil soluble) tail group. 
Surfactant molecules associate with each other at high concentrations, thereby forming 
micelles . Micelles are clusters of surfactant molecules having hydrophobic hydrocarbon 
tails preferentially adsorbed with the gaseous phase while the hydrophilic heads remain 
preferentially attached with the liquid phase. This reduces the surface tension at the 
foam interface which reduces diffusion of gas through the liquid films and thus creating 
a foam system that have a longer life. 
Foam is a thermodynamically unstable fluid system. When its quality falls below 
55%, it tends to segregate itself into individual components quickly to release the free 
energy. For stiff foams containing stabilizing polymers, the segregation phenomena 
which leads to instability is a time-taking process; hence its adverse effect during the 
3 
drilling time is limited. Foam destabilization takes place due to different phenomena: 
gravity drainage and coalescence. 
While gravity drainage takes place only m the presence of thick lamellae, 
destabilization due to surface tension begins in thin lamellae. Gravity drainage is 
greatly influenced by liquid-phase viscosity. If the viscosity is high, the drainage will 
be slow and vice-versa. Destabilization can also take place by coalescence (i.e. the 
diffusion of gas from little bubbles to large bubbles through the thin lamellae which 
occurs in the direction of decreasing pressure). Understanding foam stability after sand 
addition becomes more complex due to the resulting changes in bubbles surface 
properties and viscosity of the liquid phase. 
Since foam is a light weight fluid , it is widely being used in underbalanced 
drilling. Advantages of underbalanced drilling are numerous as it prevents formation 
damage, lost circulation, clay swelling and stuck pipe. Less formation damage helps in 
good formation evaluation preventing any error detection caused by the mud filtration 
losses. Underbalanced drilling helps maintaining the efficiency of the bit resulting in 
higher ROP and increased bit-life. This saves considerable time and resource during 
drilling operation. Also, higher viscosity of foam leads to higher cuttings carrying 
capacity and hence, facilitates hole-cleaning. However, there are also reasons, which 
make foam difficult to use in underbalanced drilling. Difficulties in predicting foam 
stability is one primary reason. And foam being non-Newtonian and structured fluid, it 
becomes difficult to predict its rheological properties, which vary substantially with 
pressure and temperature. Foam properties including quality, density, viscosity, 
velocity, vary significantly with depth due to its compressible nature. Prediction of 
4 
these properties becomes more difficult in extreme underbalanced conditions when the 
liquid influx further degrades the stability of foam and obscures the foam flow behavior. 
Furthem10re, foam drilling requires an expensive set-up for the foam generation and 
surfactant agitation and hence, necessitates the great deal of skills and experience in this 
field. 
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CHAPTER 2: PROBLEM STATEMENTS AND GOALS 
Today, many of the existing oil reservoirs have pore pressures below the 
hydrostatic pressures exerted by the lightest drilling fluids during conventional drilling. 
As a result, underbalanced drilling has become the preferred technique in drilling 
depleted reservoirs. However, successful application of underbalanced (foam) drilling 
still remains to be the major concern in directional wells. This chapter deals with the 
description of the problem, urgent need for this research and the value this work is set to 
achieve in the petroleum industry. 
2.1 Statement of Problem 
Foam is widely preferred as a fluid in underbalanced drilling because of its light 
weight and high viscosity. However, there are some problems which makes foam a 
difficult fluid to use during underbalanced drilling. Foam complexities pose a 
significant problem in predicting rheological and hydraulic parameters of foam in high-
pressured down-hole conditions. Though correlations have been developed to predict 
aqueous foam rheology as a function of quality, these correlations do not provide 
accurate predictions when polymers or viscosifiers are added . Moreover, these 
correlations do not account for degradation occurring in foam with time under 
downhole condition. Hence, they may lead to misrepresentation of rheology. 
In inclined and horizontal wells, prediction of the flow parameters such as bottom 
hole pressure (BHP), foam velocity, density and viscosity becomes a challenging task. 
6 
Major difficulty in application of foam drilling in directional well is to keep the bed 
height under control (hole-cleaning) and maintain the bottom-hole pressure below the 
pore-pressure at the same time. Hence, proper understanding of foam properties and 
cuttings transport during foam drilling becomes necessary. Inaccurate prediction of 
foam properties and uncertainty in reservoir pressure can lead to undesirable downhole 
conditions. It may cause extreme underbalance resulting in liquid influx or overbalance 
resulting in significant loss of foam fluid . Hence, knowledge of liquid or gas influx and 
its dynamic impact on the foam properties during foam drilling becomes necessary. 
Due to increase in drilling of horizontal and inclined wells, focus is being shifted 
from foam drilling in vertical wells to inclined and horizontal wells. Cuttings transport 
models have already been developed for vertical and inclined wells based on force and 
torque analysis on a single cuttings particle under steady state conditions. The major 
challenge is to develop a transient cuttings transport model that can make prediction of 
cuttings concentration and pressure profile before steady state condition is established 
in the wellbore. 
Calculation of local stress and velocity in the eccentric annulus is required in 
torque balance equations to correctly estimate the bed height in inclined and horizontal 
wells. This will also ensure the accurate prediction of bottom-hole pressure. Though 
the estimation of local fluid velocity is simple in case of concentric annulus, the 
difficulties arise in partially blocked eccentric annulus due to non-uniform and 
relatively complex annular velocity profile . Hence, due to the above challenges, this 
research project is a unique study on understanding the problems of the foam drilling in 
the three segment wells and bringing a practical solution to mitigate these problems. 
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2.2 Objectives 
Following are the objectives for conducting the study on the cuttings transport in foam: 
1. Predict the foam hydraulics parameters including quality, density, viscosity, 
velocity and pressure along the wellbore. 
11 . Understand the behavior of cuttings-bed formation during foam d1illing. 
111. Investigate the effects of drilling parameters on the foam properties, cuttings 
concentration and pressure profiles along the wellbore. 
1v. Study the effects of hole inclination on bed height and local critical velocity 
along the build-up and horizontal sections. 
v. Predict the water-influx while drilling underbalanced in a water-sensitive zone 
and study its impact on foam properties and hole-cleaning. 
2.3 Approach 
In order to achieve the goals, the following procedures were followed during the study: 
1. Extensive literature review and theoretical study was perfonned to understand 
and model foam hydraulics and foam-cuttings transport 111 inclined and 
horizontal wells. 
11. Using Chen's (2005) rheological correlations and momentum conservation 
equations, a computer code (simulator) was developed to predict foam 
properties along the well bore. Local fluid velocity is required in the momentum 
equations to predict the equilibrium bed height. Hence, a new model has been 
8 
fonnulated to estimate the local stress and fluid velocity near cutting bed surface 
in eccentric annulus . 
n1. In the ve11ical section, forces acting on a cuttings particle were analyzed to 
derive slip velocity equation; and in build-up and horizontal sections, moments 
acting on a flow-protruding bed particle were considered to predict equilibrium 
bed height. 
iv. Model predictions were verified with the published experimental data and the 
model is fine-tuned to minimize discrepancies. 
v. Equations of continuity and conservation of momentum were used to build a 
transient model for predicting cuttings concentration and pressure profiles as a 
function of time during foam drilling. 
v1. Sensitivity analysis was performed to investigate the effects of drilling 
parameters on the cuttings transport during foam drilling. Study was also 
conducted to examine the effects of inclination on cuttings concentration and 
pressure profiles. 
v11. Drawdown equations were utilized to predict the water-influx in underbalanced 
condition in water-sensitive zone and investigate its effect on the foam 
hydraulics, cuttings concentration and pressure profiles. 
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CHAPTER 3: LITERATURE REVIEW 
Foam rheology and hydraulics have widely been studied in the past for various 
applications of drilling and completions . Cuttings transport in foam is still less 
understood especially when the well deviates from vertical to horizontal. Both 
experimental and mathematical approaches have been developed in the past to study 
foam hydraulics and its effect on cuttings transport. In this review, special emphasis is 
given on experimental studies and model of: i) foam rheology; ii) foam hydraulics; and 
iii) cuttings transport with foam . 
3.1 Foam Rheology 
Foam quality and liquid base viscosity are the dominant factors affecting the 
rheology of foam . For wet foams , Hatschek (1911) mathematically developed a 
rheological model that is dependent on the foam quality and liquid base viscosity. The 
model is given by: 
(3 .1) 
Based on the experimental results , Mitchell (1969) modified the correlation by 
changing the exponential constant from 0.33 to 0.49. Hence: 
(3 .2) 
From Fig. 3.1 , it can be noted that as foam quality increases, foam apparent 
viscosity exhibits a different trend with respect to quality. There are four different 
10 
regions which can be classified based on the range of foam quality; i) dispersed bubble 
region (0 $ r $ 55%) ; ii) wet foam region (55% $ r $ 95%) ; iii) dry foam region 
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Fig. 3.1 Foam viscosity vs. quality (Ahmed et al. 2003a) 
As the quality is increased beyond the bubbly liquid region, foam becomes rigid 
and spherical in shape. Further increase changes the foam structure from spherical to 
polyhedral configuration. Consequently, bubble deform against their neighbors. 
Increasing the quality of foam beyond the wet region degrades the viscosity of foam 
until it reaches the foam stability (inversion) point. Beyond the foam stability point, the 
viscosity decreases rapidly to reach the gas viscosity. The stability limit of water-based 
foam is 97 .5%. 
Literature survey shows that foam rheology can be modeled applying different 
approaches: i) empirical ; ii) semi-empirical; and iii) mathematical. The relationship 
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between foam viscosity and foam quality can be detennined by conducting experiments. 
The rheology model which best fit the experimental data is chosen as the rheological 
correlation of that particular foam. In the bubbly liquid region, Mitchell ( 1969) found 
that foam apparent viscosity is related to its quality and liquid viscosity by: 
(3 .3) 
This approach gives reliable relationship of foam rheology as a function of its 
quality. The main disadvantage for this kind of empirical approach is large number of 
experiments need to be conducted for different foam qualities to establish the 
relationship between foam rheological parameters and foam quality. Moreover, 
empirical correlations are often valid for particular type of foam used in the 
experiments . 
Based on experimental results obtained from pipe viscometer, Shah and Khade 
(2004) developed rheological models (correlations) for guar foams . The models predict 
power law fluid parameters (K and n) and, thus, the apparent viscosity of foam. They 
carried out extensive foam rheology experiments with aqueous and gelled water foams 
using N2 as gas phase at pressure of 1,000 psia and temperature ranging between I 00 to 
200°F. Guar gel was used as a base liquid phase. They concluded that both fluid 
consistency index and fluid behavior index of guar foam are functions of quality and 
their respective liquid-phase consistency index and flow behavior index. For 20 
lbm/Mgal guar foam, the following correlations are given: 




kFoam = e (-1 .9913I'+8.9 72 2I' 2 ) 
kuquid 
(3 .5) 
where, nFoam is the foam behavior index and nuquid is the base liquid behavior index. 
The semi-empirical approach uses the application of chemical engineering. 
According to this approach, foam viscosity is a function of bubbles size, interfacial 
tension, liquid viscosity and the stability of foam. Another semi-empirical approach for 
foam rheology modeling is based on volume equalized principle given by Valko and 
Economides (1992) . It states that any rheological model can be transformed to volume-
equalized form . Power law model used for characterizing foam fluid can be converted 
to volume-equalized form by: 
T (y)n 
; = KvE -; (3.6) 
where, E is the specific volume expansion ratio, given by E = Puquid , and KvE and n are 
Pfoam 
the rheological parameters for a given mass flow rate at a given temperature. It means 
that the volume equalized rheological model for particular foam is independent of the 
foam quality. There is one unique curve characterized by volume-equalized shear stress 
and volume-equalized shear strain for a given mass flow rate valid for all foam 
qualities. Since the approach has been designed primarily for the fracturing foam fluid 
where the foam quality is around 70%, it can give erroneous results if applied to drilling 
foams where foam quality can go as high as 95%. 
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3.2 Foam Hydraulics 
A number of foam hydraulics models (Blauer et al. 1974; Sanghani 1982; Valko 
and Economides 1992; Gardiner et al. 1998; Lourenco 2002; Ahmed et al. 2003b; Chen 
2005) were developed in the past to predict the pressure loss . These models were 
developed assuming laminar flow conditions because foam flow during drilling 
predominantly lies in the laminar regime. 
Foam is a compressible non-Newtonian fluid; its properties including foam 
density, viscosity and velocity vary with depth. Foam apparent viscosity can be 
estimated using empirical models with foam quality and shear rate. The rheology 
model along with the equation of state can be used in predicting hydraulic properties of 
foam. 
In the development of hydraulic model for foam, Blauer et al. (1974) assumed 
the foam to be Bingham plastic fluid and derived the frictional pressure loss formulas 
for laminar, transitional and turbulent flows. Foam plastic viscosity and yield strength 
were determined as a function of foam quality. In the model, foam density is estimated 
by ignoring the weight of gas phase. For turbulent flow, pressure loss is calculated 
using Moody diagram. For laminar pipe flow, pressure loss is determined using the 
Buckingham-Reiner equation: 
(3.7) 
Applying the momentum balance, the wall shear stress (rw) in Eq. (3.5) can be written 




w /., 4 
(3 .8) 
A foam hydraulic model , similar to that of Blauer et al. (1974) , was presented by 
Sanghani (1982) . The main difference between these two models is that Sanghani 
model assumes the foam to be a Pseudo-plastic fluid. The rheological parameters for 
Pseudo-plastic model, ' K' and 'n' are detennined as a function of foam quality. In 
addition, foam density calculation takes into account gas phase density change . 
However, Blauer et al. ignored the weight of the gas in foam density predictions . The 
pressure drop for laminar flow of foam in pipes was determined using the following 
hydraulic model developed for incompressible fluids: 
b.Pr = 4K (8(3n+l)Q)n 
b.L D rrnD 3 
(3 .9) 
Wall slip is one of the phenomena that complicate foam hydraulic modeling. 
Beyer et al. (I 972) considered the effect of wall slip in their hydraulic modeling of foam 
flow. They described the composition of foam in terms of liquid volume fraction, 
which is defined as : 
LVF(T,P) = 1-r (3 .10) 
Total foam velocity (vr) is composed of slip component (v5 ) and a fluidity component 
(vp) , which can be expressed as: 
(3 .11) 
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They introduced an explicit function, lJl which is used to detem1ine the frictional 
pressure drop as a function of total velocity (vr ) , liquid volume fraction (LVF) and pipe 
diameter (D) as follows: 
(dP) = 4r w = lJl[v r D] dl D y, ' 
f 
(3 .12) 
For compressible fluids like foam, Vy and rare functions of pressure and temperature. 
Foam velocity changes as it flows in the wellbore due to expansion resulting 
from pressure change. As a result, flow parameters such as foam density and Reynolds 
number vary in the wellbore. Valko and Economides (1992) proposed volume-
equalized Reynolds number to calculate the friction factor in the wellbore. This 
prevented any dependence on the foam quality on the flow characterization. By using 
the 'specific volume expansion ratio' , the nonnalization of any density dependent 
parameters was possible. For power-law fluids , the volume-equalized Reynolds number 
and volume-equalized fanning friction factor were given by: 
(3 .13) 
_ z (6n+z)n t: --f - NR eVE n (3 .14) 
Applying the mechanical energy balance, following equation was developed for 
calculating frictional pressure losses in horizontal pipes: 
dp 
dx 
- ~ (2f tb 2c2-Dg)p 3+4f rabc 2µ2+ z f fa 2c2p 
D bp 3+ap 2-abc 2p-a2c 2 
where, the constants a, b and care defined as follows: 
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(3 .15) 
- RT b - RTB (1- )2- - 4 (m g +mL) - m g a - Wg -, - Wg + Wg , C - 2 , Wg -
Mg Mg Pg TCD m g +mL 
(3 .16) 
Gardiner et al. (1998) was the first to utilize the volwne-equalized principle 
proposed by Valko and Economides (1992) and account for the wall-slip in friction 
pressure loss calculation. They considered volume-equalized Pseudo-plastic rheology 
model to describe flow behavior of foam . 
- k l-n(du)n-1du T- E - -
dr dr 
(3 .17) 
An equation analogous to Hagen-Poiseuille pipe flow formula was derived for volume-
equalized power law fluid: 
R { n (dp) Rn+ 1En-1 ~} 
Qcalculated = 2rr I.a urdr = rrR 2 U slip + -- [- - ]n 3n+l dx 2k (3 .18) 
The volume-equalized approach was also used by Lourenco (2002) to study foam 
flow in pipe and annulus under high pressure high temperature conditions. He utilized 
the volume-equalized power law rheological model and developed the hydraulic model 
similar to that of Gardiner (1998). The main difference is that Lourenco (2002) used 
the effective diameter for foam flow in annulus. 
Another approach for foam hydraulic modeling is to consider varymg foam 
properties in the wellbore. Such approach requires a numerical procedure to determine 
foam properties (quality, density, velocity and viscosity) at different depths of the 
wellbore. Ahmed et al. (2003b) developed a numerical model for foam flow in annulus 
during drilling operation. The model predicted foam properties and hydraulic 
parameters including density, quality, viscosity, velocity and pressure as a function of 
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depth for various operating variables. The model 1s based on mechanical energy 
balance: 
dP (2/u2 ) P + udu = - -D- + gcose dl (3 .19) 
In order to obtain numerical solutions, pipe and annulus were divided into 
computational segments and the above equation was applied in discrete fonn for each 
segment to estimate foam properties and hydraulic parameters of the flow. More 
recently, a similar numerical model (Chen 2005) has been developed using the 
conservation of momentum. Chen (2005) used the following equation to indirectly 








and b = - 9 + --9 
M PL 
In the above equation, b is the 2"d viral coefficient of gas. 
Mass fraction of gas, W9 , is given by: 




Dividing the wellbore into segments and integrating the momentum equation 
between two adjacent nodes of segments, following equation can be obtained: 




where, P1 and P2 are the pressures at adjacent nodes, !1L is the distance between the 
nodes, p is the average foam densities in the segment, Tw is the average wall shear 
stress between Node l and Node 2, as shown in the schematic presented in Fig. 3.2. 
Chen (2005) applied the above model to determine foam properties in a three-segment 
well (vertical section, inclined section and horizontal section) . Input parameters used in 
the foam hydraulic simulation are listed in Table 3 .1. Description of the three-segment 








Fig. 3.2 Schematic of foam flow in three-segment well bore (Chen et al. 2005) 
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Table 3.1 Input data for foam hydraulic simulation (Chen 2005) 
Parameters Value 
Liquid density (lbm/ft3) 62.4 
Liquid flow rate (gpm) 40 
Gas flow rate (scf/min) 1200 
Temperature gradient {°F/lOO ft) 1.5 
Surface temperature (°F) 80 
Surface back pressure (psia) 100 
Hole size (inch) 8.5 
Drill pipe OD (inch) 5 
Table 3.2 Three-segment wellbore description (Chen 2005) 
Section Length (ft) Inclination {degrees) 
Section 1: Vertical section 3000 0 
Section 2: Inclined section 3000 45 
Section 3: Horizontal section 4000 90 
3.2.1 Foam Flow Simulation in. Three-Segment Wellbore 
Chen (2005) conducted simulation study using three different foams representing 
aqueous and polymer thickened foams in a three-segment wellbore with air injection 
rate of 1200 scf/min and liquid injection rate of 40 gpm, and annular back pressure of 
100 psia. Figures 3 .4 through 3. 7 depict the pressure, foam quality, velocity and density 
profiles in the three-segment wellbore. The results show that as well inclination angle 
increases the changes in foam and flow properties (pressure, foam quality, foam density 
and foam velocity) with respect to measured depth decrease. This is because of 
reduction in the axial component of the weight of the foam. When the well profile 
changes from inclined to horizontal, there is no axial component of the weight and 
hence the main change in pressure gradient is due to friction loss . Hence, he concluded 
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that foam properties m horizontal and highly inclined sections of a wellbore remam 
intact and approximately unifo rm . 
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3.3 Modeling of Cuttings Transport with Foam 
Although a number of studies (Martins et al. 1998 ; Ozbayoglu 2002; Li 2004; 
Chen 2005; Duan et al. 2008) have been conducted to develop the steady-state cuttings 
transport models, very limited investi gations have been perfo rmed to model transient 
cuttings transport in inclined and horizo nta l well s. Since foam is compressible fluid , 
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developing cuttings transport model for foam fluid is more challenging than modeling 
for conventional fluid . 
Generally, as drilling progresses, distribution of cuttings in the wellbore varies 
with time because of the change in rate of penetration, foam flow rate, water/gas influx 
and other parameters. Hence, the application of steady state models can result in 
inaccurate prediction of cuttings concentration and pressure profiles in the wellbore. 
When drilling starts, it takes some time for the cuttings to reach the surface from the 
bottom of hole. Predicting ECD and pressure profile becomes quite necessary during 
those transient times because of the necessity of maintaining the bottom-hole pressure 
within the operating pressure window. Moreover, drillpipe rotation has a considerable 
impact on the cuttings distribution in the annulus . However, in the cuttings transport 
modeling, the effect of drillpipe rotation on cuttings distribution is often ignored to 
reduce the complexity of the models. Experiments (Duan et al. 2008) have shown that 
drillpipe rotation substantially reduces the cuttings concentration when the fluid 
velocity is low. However, when axial velocity of fluid is high, the effect of drillpipe 
rotation on the cuttings concentration is minimal. 
Despite its low density, foam poses no problem for the cuttings transport m 
vertical wells . This is because of its high viscosity. Foam flow velocities as low as 80 
ft/min was reported to be used successfully in drilling vertical wells. However, 
significant variation in foam properties along the wellbore has made hydraulic modeling 
difficult. In horizontal and inclined wells, hydraulic modeling is more complex than in 
vertical wells. Since the particle settling is perpendicular to the directions of fluid flow, 
cuttings tend to settle on the low-side of a horizontal or inclined well bore due to gravity. 
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Therefore, high viscosity and high velocity is required for effective cuttings removal in 
horizontal and inclined wells. 
In the past, limited flow loop studies (Okpobiri and Ikoku 1983 ; Ozbayoglu 
2002; Capo 2002) were performed on foam to develop mechanistic cutting transport 
models . Okpobiri and Ikoku (1983) studied cuttings transport under low pressure and 
ambient temperature conditions in a 28-ft vertical annulus. A semi-empirical 
con-elation was developed to determine the increase in friction pressure losses due to 
the presence of cuttings in the wellbore. The con-elation was used to develop a model 
to determine the minimum volumetric requirement for foam drilling. They found that 
the volumetric requirement increases considerab ly with the increase in particle size; 
however, only minor increase in volumetric requirement is needed as the penetration 
rate increases. Later, Owayed (1997) improved Okpobiri and Ikoku ' s model to account 
for water-influx in the hydraulic calculation. 
Iyoho et al. (1988) developed the new material balance (NMB) model to generate 
profiles of hole-cleaning parameters in vertical and near vertical sections of well bores. 
The model calculates particle velocity and concentrations profiles by solving a set of 
finite-difference equations representing material transport along the wellbore. The 
general equation for convective transport model is expressed as: 
acs - - a(csVs) + F 
at ax - (3 .23) 
where, F represents the influx commg from the formation, Cs is the solid particle 
concentration and Vs is the particle settling velocity. 
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Ityokumbul (1994) used the sedimentation-dispersion model to describe the 
transport of solids in three phase slurry bubble column. The model represents the flux of 
solids concentration which uses a Fickian equation of the form : 
acs ( ) acs E a 2 cs _ O -+ v -v -- --at l s az az 2 (3.24) 
where, v1 is the carrier liquid velocity and E is the particle dispersion coefficient. At 
steady state, the Eq. (3 .24) reduces to: 
The solution for the above equation is expressed as: 
Boundary conditions are given by: 
acs = 0 






where, c[ is the feed solid concentration. Application of boundary condition results in a 
steady state solution for solid concentration given by: 
(3 .28) 
The solution is constant and independent of the dispersion coefficient for the solids in 
the column. Finally, Ityokumbul proposed the use of Eisenthal-Comish-Bowden (1974) 
method to detem1ine the particle settling velocity from Eq. (3.28) . 
Cannichael (1995) showed that, besides the solution represented by constant 
value of particle concentration, axial variation in solid particle concentration during 
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transport in vertical column is also a valid solution for the model. Applying Eq. (3 .27a) 
for the boundary condition at the outlet: 
z=l (3 .29) 
Left hand side represents flux of concentration cP in the reactor at z = l , while right 
hand side represents the flux downstream at z = l+ . Assuming particle settling velocity 
is greater than liquid velocity, net upward flux will be zero at steady state. The Eq. 
(3.29) reduces to : 
(v1 - v )c - E ocs = 0 s s oz (3 .30) 
The solution for concentration is given by: 
(3.31) 
The solution shows that there is an upward diffusion of particles which is offset by the 
settling of particle. As a result, Cs decreases exponentially along the length of column. 
The study also showed that the boundary conditions for solids concentration 
(Ityokumbul, 1994) may become invalid for the finite values of particle settling 
velocity. From Eq. (3.28) , it can be deduced that if Vs is positive, Cs > c{; which means 
that solid particles are retained in the column to maintain this concentration. On the 
other hand , if Vs is less than zero, Cs < c{; which means that particles are removed with 
faster rate at the boundary to maintain this concentration. In both these cases, boundary 
condition ocs = 0 is not valid . Boundary condition is correct only if Vs = 0 or when the oz 
axial dispersion becomes infinite . According to Carmichael, the boundary conditions at 
the outlet depend strongly on the design and operation of the outlet. 
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Following ltyokumbul ( 1994), Ci van ( 1996) developed the model for cuttings 
transport during upward flow of drilling fluid in vertical wells . 
ac5 + (v _ v ) acs _ E a2 cs + . = O 
at l s az az2 q (3.32) 
where, q is the rate of deposition of particles over the well surface. Particle settling 
velocity can be estimated using stokes law. Boundary conditions can be set up from Eq. 
(3.27) . Initial condition is given by Civan (2007) as : 
c5 = C50 (z), 0:::; z:::; l, t = 0 (3.33) 
Based on their experimental study, Martins et al. (1998) developed empirical 
model to predict bed height and pressure loss in the annulus during foam drilling. Foam 
flow tests were performed with two different gas and liquid injection rates and foam 
quality was varied from 60% to 90%. The model predicts cuttings transport 
performance in horizontal and inclined wells. The dimensionless parameters chosen to 
represent the carrying capacity were defined as "relative height" and "bed erosion 
capacity". The model presents the relative bed height as a function of either foam 
quality or generalized Reynolds number. 




where, a, b, c, d, e, fare the regression coefficients . rand NRe are the foam quality and 
the generalized Reynolds number respectively. 
Cuttings transport modeling in horizontal and inclined wells is very difficult. Cho 
et al. (2000) proposed a three-layer cuttings transport model for horizontal and inclined 
wellbores. The model predicts cuttings transport mechanism. It considers the formation 
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of three layers: i) stationary bed; ii) moving bed layer above it; and iii) heterogeneous 
suspension layer at the top. The model predictions including cuttings bed area were 
compared with previous experimental data and showed a good agreement with the 
measurements. 
Hole inclination is one of the key factors that affects hole cleaning in inclined 
wells. Ozbayoglu (2002) focused his flow loop experiments on cuttings transport in 
horizontal and highly-inclined annuli. The ranges for the experimental parameters 
were: 70 to 90° of inclination; 1 to 16 ft/s average annular velocities; 20 to 90 ft/hr 
simulated rates of penetration; and 70 to 90% foam qualities. Based on experimental 
observation, it was proposed that foam cuttings transport can be modeled as flow of 
three layers of different fluids with distinct properties . The schematic view is shown in 
Fig. 3.7. The model assumes: Layer I consists of foam flow ; Layer II consists of foam 
flow along with cuttings; and Layer III consists of stationary layer dominated by 
cuttings. In order to fommlate the numerical model, the wellbore is divided into 
number of segments where each segment has unifonn properties . Change in properties 
for every segment is calculated by using PVT behavior of foam (i .e. equation of state of 





Fig. 3. 7 Schematic of three-layered model (Ozbayoglu 2002) 
Liquid and gas influxes can significantly change properties of foam in the 
annulus and subsequently hydraulics and hole cleaning. Li (2004) developed a one 
dimensional, two-phase mechanistic cuttings transpo11 model for foam flow in 
horizontal wells. The model assumes uniform cuttings size and complete mixing of the 
influx with the foam . The model is solved numerically to predict cuttings bed height as 
a function of drilling rate, gas and liquid injection rates, liquid/gas influx and bore-hole 
geometry. 
Temperature and pressure in the wellbore have strong impact on foam properties . 
As a result, they can influence hole cleaning perfonnance of foam. Chen (2005) carried 
out experimental study on foam cuttings transport under high-pressure high-temperature 
conditions. The study was conducted using a 73-ft long flow loop that has 5.7-in x 3.5-
in concentric horizontal annulus. Experiments were carried out at different pressures 
(100-400 psi) and temperatures (80°F to l 70°F). Foam qualities and velocity were 
varied from 70% to 90% and 2 to 6 ft/s, respectively. Chen (2005) proposed a 
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mechanistic model to predict the equilibrium bed height and pressure loss along the 
annulus and calibrated the model with the flow loop measurements. The model 
analyses the forces acting on a particle located on the bed surface. Critical re-
suspension velocity was calculated using the model for a horizontal annulus and 
compared with actual measurement for an assumed bed height. If the mean velocity is 
less than the critical velocity, then cuttings bed will form . 
Slip between foam and cuttings particles occurs when cuttings particles are 
suspended in the foam. Kuru and Osunde (2006) developed a two-layer transient model 
for cuttings transport with foam in inclined wells. The model accounts for the slip 
between cuttings and foam. The upper-layer consists of foam with suspended cuttings 
and lower-layer comprises of cuttings bed either stationary or moving are considered in 
their analyses. Combining the continuity and momentum equations along with water 
and gas influx rate equations, a numerical model was formulated in discrete form . The 
model gives the pressure distribution in inclined wellbores. 
Pipe rotation has a significant effect on cuttings concentration m horizontal 
eccentric annulus and subsequently hole-cleaning and pressure loss. Duan et al. (2008) 
carried out the experiments with a similar set-up and operating conditions as that of 
Chen (2005) . Main difference is that Duan et al. performed the experiments in an 
eccentric annulus having drill-pipe rotation speeds varying from 0 to 120 RPM. It was 
inferred that pipe-rotation causes a significant reduction in concentration of cuttings in 
horizontal eccentric annulus resulting in low friction pressure loss . They proposed a 
cuttings-transport model to predict the equilibrium bed-height and pressure loss and the 
model was calibrated with the experimental measurements. An empirical correlation is 
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developed to determine the critical pressure drop as a function of foam quality, velocity, 
pipe rotary speeds, wellbore geometry, pressure and temperature. Assuming different 
bed-heights, actual pressure loss is calculated and compared with the critical pressure 
loss . If the actual pressure loss is less than critical pressure loss, then cuttings bed will 
continue to form. 
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CHAPTER 4: MODELING OF FOAM HYDRAULICS IN THREE-
SEGMENT WELLBORES 
During underbalanced drilling, predicting foam flow properties including foam 
density, velocity, quality and pressure has always been a challenge. Unlike 
conventional drilling fluid , foam is compressible and structured fluid which makes it 
difficult for hydraulic analysis. Detem1ination of foam rheology along the wellbore is 
critical for wellbore hydraulic and cuttings transport analysis . Being compressible, 
foam properties are very sensitive to change in pressure. Foam rheology is strongly 
affected by pressure, quality and liquid phase rheology. Temperature has major impact 
on the rheology of liquid. Hence, slight change in pressure or temperature can result in 
significant variation in foam properties in the wellbore. In this chapter, efforts have 
been made to model the rheology and hydraulics of foam to investigate the variation in 
foam properties along the wellbore. 
4.1 Conservation Equations 
Foam can be treated as a homogenous fluid on a macroscopic scale. From the 
continuity equation, for steady state flow condition without influx, the rate of mass 
flowing in is equal to the rate of mass flowing out of a control volume. 
( 4.1) 
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According to momentum-conservation equation, total pressure gradient is equal 
to the sum of frictional pressure gradient, hydrostatic pressure gradient and acceleration 
pressure gradient. 
(
dP) _ (dP) + (dP) + (dP) 
dL t dL h dL f dL a (4.2) 
For steady isothermal flow, it can be written as: 
dP fprv 2 /Jprvdv - + Pr9 cos a + -- + -- = 0 
dL 2d1ty d dL (4.3) 
where, /3 is the momentum correction factor which depends on shape of the velocity 
profile and assumed to be unity in this case. dhyd is the hydraulic diameter of the 
annulus. a is the inclination angle measured from vertical. Since difference in fluid 
velocity between adjacent grids is marginal, the acceleration pressure gradient can be 
neglected in foam flow. 
4.2 Rheological Model 
Rheological modeling is necessary to predict flow behavior of foam as a function 
of quality and base liquid viscosity. The accuracy of foam hydraulic models 
predominantly depends on the precision of foam rheology model. Chen et al. (2005) 
conducted rheological investigation on polymer-thickened foam using a specifically 
designed flow-through rotation viscometer and pipe viscometers. Polymer 
(Hydroxyethylcellulose) concentration was varied from 0 to 0.5%. Both types of 
equipment gave consistent rheological parameters . The measured data fitted to the 
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power-law rheology model. Foam consistency index, Kroam and power law exponent, n 
were correlated to foam quality and base liquid viscosity (Chen et al. 2005). 
where, a, b and c are given by: 
a = (-0.533µz + 3.6735µL - 13.546), 
b = (0.8926µz - 6.5877µL + 29.966) 
C = (-0.3435µz + 2.5273µL - 14.218) 






The liquid-phase apparent viscosity µL is m cp and is measured at a shear rate of 
300 s- 1 . The unit of foam consistency index, Kroam is in pa. sn. The apparent 
viscosities of base liquids (0.25% and 0.5% Hydroxyethylcellulose suspensions) at the 
shear-rate of 300 s-1 were 4.7 cp and 8.1 cp. The above correlation is valid when the 
apparent liquid viscosity at shear rate of 300 s-1 is between 1 and 8.1 cp. 
4.2.1 Rheological correlations validation with experimental data 
Shah and Khade (2004) conducted rheological study on gelled foams. In their 
investigation, rheological experiments were carried out with guar gel and guar foam 
fluids at 1,000 psia and temperatures ranging from 100 to 200°F. By analyzing the data 
at varying foam qualities (from 20 to 80%), empirical correlations were developed to 
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predict rheology parameters of foam (fluid behavior index, n and consistency index, K) 
at different qualities and guar gel concentrations. These correlations were used to 
predict the apparent viscosity of various qualities (20 to 80%) foams. The apparent 
viscosities obtained from experimental data, Shah and khade' s correlation and Chen et 
al. (2005) correlation are compared. Figure 4 .1 shows the comparison of apparent 
viscosity predictions for 20 lbm/Mgal guar foams at 100°F and l 50°F, and shear rate of 
511 s- 1• It can be seen from these plots that experimental data are in good agreement 
with the results obtained from the correlations. While Shah and Khade (2004) method 
predicts apparent viscosity well with the experimental data for all quality foams, Chen 
et al. (2005) correlation prediction matches well for medium to high quality (> 50%) 
foams. However, Chen et al. method underpredicts the apparent viscosity of foam at 
low quality range. 
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Fig. 4.2 Comparison of apparent viscosity for 20 lbm/Mgal guar foam at 511 s·1 and 150°F 
Equation of State (EOS) , compressibility factor and density of foam are presented 
below. The density of foam is calculated as: 
Pf= f * SC* (;r) + (1 - r) * Puquid (4 .6) 
where, SG is the specific gravity of gas phase. P and T are the pressure and 
temperature, respectively. The foam quality is expressed as. 
(4 .7) 
Assuming liquid phase as incompressible, the final equation of state of foam can be 
expressed as : 
(4.8) 
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Gas compressibility factor, Z is calculated using Hall-Yarborough method presented 
from Eqs. (4.9) through (4.17). In thi s method, constants A, B, C and Dare calculated 
using pseudo-reduced temperature. The value of Y is assumed and then iterated until 
f(Y) converges to zero. Finally, the convergent value of Y along with pseudo-reduced 
pressure is substituted in the Eq. (4.17) to get the compressibility factor for a particular 
temperature and pressure. 
B = tr(14.76 - 9.76tr + 4.58t;) 
C = tr(90.7 - 242 .2tr + 42.4t; ) 
D = 2.18 + 2.82tr 
Y =Assumed 
f( Y) = v+vi+y3_y4 - AR - syz + cyD = o 
(1-Y)3 pr 












4.3 Hydraulic Model 
Though numbers of approaches (Laird 1957; Fredrickson and Bird 1958; Melrose 
et al. 1958) have been developed to determine the pressure loss for non-Newtonian flow 
in concentric annulus, the approach based on narrow-slot approximation is widely used 
because it provides simple analytical solutions. 
In the narrow-slot approach, annular flow can be approximated usmg the 
equations developed considering a narrow-slot. The slot flow equations are simple to 
use and give reasonable predictions as long as the radius ratio, r1/r
2 
> 0.3 . In actual 
drilling practice, the radius ratio is often greater than 0.3. After applying the narrow-slot 
method, the average wall shear stress in the annulus for the yield power-law (Herschel-
Bulkley) fluid can be determined from the mean flow velocity. 
n+I 
~ _ (rw-ry)1l (~) (r + _2:._r ) 
D0 -D; - K2. z Zn+l w n+l Y nrw 
( 4.18) 
Since power-law rheology model best fits drilling foams, the average wall shear stress 
for power-law fluid in the annulus can be expressed as: 
(4.19) 
During underbalanced drilling, foam flows mostly under laminar conditions. 
Hence, pressure loss can be calculated directly from the wall-shear stress as: 
(4.20) 
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When the flow is turbulent, the pressure loss is calculated using the Fanning friction 
factor. The Reynolds number for foam annular flow can be expressed as: 
(4.21) 
where, Tw can be determined using Eq. ( 4.19) for power-law fluids assuming laminar 
flow . Friction pressure loss can be expressed as: 
dP 2fprv 2 
dL D0 -Di 
(4.22) 
where, fanning friction factor (f) is given as: 
_1 ___ 4_ 1 [ f (l-n/2) ] _ ~ 
1o.s - no.1s og Reann ni.2 ( 4.23) 
4.3.1 Numerical Procedure for Three-Segment Wei/bore 
A three-segment wellbore is chosen for hydraulic analysis because it represents 
very conunon well profile in long radius horizontal wells. For hydraulic analysis, the 
three wellbore sections (vertical, build-up and horizontal sections) are considered 
separately. After a kick-off point, well inclination increases at a constant dog-leg angle 
until it reaches 90° (Fig. 4.1 ). After thi s angle, well becomes completely horizontal for 
the rest of the measured depth. 
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Fig. 4.3 Schematic of foam flow in three-segment well bore 
In order to establish a numerical scheme, the wellbore is sub-divided into 50-ft 
long grids (wellbore segments). Consequently, the total number of grids is 
approximately the total measured depth divided by the grid size. Numerical calculation 
starts from the grid at the top of the annulus and goes down below. The pressure (pi) , 
temperature(Ti), foam injection rate (foam annular velocity, vi) and quality (fi) at 
Point 1 are known from the surface condition. Based on surface temperature and 
pressure conditions, compressibility factor (Zi), foam density (Pfi) and rheology of fluid 
at the surface are detem1ined. Temperatures at different points in the wellbore are 
estimated by knowing the geothermal temperature gradient and surface temperature. 
Using the steady-state mechanical energy balance equation, pressure (Pi+i) at Point 2 is 
calculated as: 




Subsequently, other flow parameters such as compressibility factor, foam quality, 
velocity, rheology and density can be determined. 
(4 .25) 
Then, foam quality, velocity, density and viscosity at Points 1 and 2 can be 
averaged to yield the average foam properties in the first grid . Average values of these 
parameters are calculated iteratively until final steady state values are obtained. 
Similarly, calculation proceeds downward to all other grids . 
4.3.2 Parametric Study 
A parametric study on three-segment wellbore hydraulics was conducted using 
the numerical model presented in Section 4.3.1. The effects of fluid properties, 
operating parameters and wellbore configuration on pressure and foam hydraulic 
profiles were studied. Controlled drilling parameters which can be varied to observe 
their effects on foam hydraulics are back-pressure, gas and liquid injection rate, and 
well-inclination. To perfom1 a parametric study, a well with 10,000 ft measured depth 
is considered. Kick-off point starts 5,000 ft from the surface of well and then it builds 
at the rate of 3° per 100 ft (i .e. dog-leg severity of 3°/100 ft) until the angle reaches 90°. 
Lengths of wellbore sections are presented in Table 4.1 . The hole and drillpipe outer 
diameters are 9 and 5 inches, respectively. The wellbore geometry is assumed to be 
uniform. Pure water (without any polymer addition) and air are considered as liquid and 
gas phases. Hence, base liquid viscosity is 1 cp and gaseous phase specific gravity is 1. 
Surface fluid temperature is set to be 100°F at the surface, which increases linearly 
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down-hole with a geothennal gradient of 1.2 °F/ l 00 ft. Other simulation input 
parameters are presented in Table 4.2 . Two cases were studied to examine the impact 
of back-pressure (200 psi, 400 psi and 600 psi) and surface foam quality on pressure 
and foam properties profiles and results are presented in the next section. 
Table 4.1 Lengths of well sections 
Measured Depth Vertical section Build-up section Horizontal section 
10000 ft 5000 ft 3000 ft 2000 ft 
Table 4.2 Input data for foam hydraulic simulation 
Parameters Values Unit 
Liquid density 8.3 ppg 
Liquid Flow rate 2 bbl/min 
Drillpipe OD 5 inch 
Hole size 9 inch 
Depth 10000 ft 
Dog-leg angle 30 per 100 ft 
Rate of Penetration 150 ft/hr 
Surface temperature 100 oF 
Temperature Gradient 1.2 °F/lOOft 
4.4.3 Results 
Case 1: Three simulations were run for different back-pressures of 200, 400 and 600 
psi. Liquid-injection rate of 2 bbl/min and gas-injection rate of 23 .24 scf/s were kept 
constant. Figures from 4.2 through 4.6 show pressure, foam quality, velocity, density, 
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Fig. 4. 7 Foam apparent viscosity vs. depth 
In the vertical section, pressure, foam density, apparent viscosity, velocity and 
quality changes significantly with measured depth. Gas being compressible, foam 
expands significantly in the vertical section where the pressure gradient and foam 
compressibility are high. In the build-up sections, the variation in pressure and foam 
properties with measured depth diminishes as the well inclination increases and reaches 
to the minimum when the well becomes horizontal. Consequently, the contribution of 
the hydrostatic pressure to the total pressure drop diminishes as the inclination increases 
and reaches zero when the well becomes horizontal. In the horizontal section, the 
friction pressure mainly contributes to the total pressure drop. The pressure gradient 
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and foam compressibility diminish leading to the small change in foam properties with 
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Figures from 4.2 through 4.5 show the effect of back-pressure on the foam-
properties. From the plots, it can be noticed that the foam quality, velocity and apparent 
viscosity throughout the wellbore decrease with the increase in back-pressure. On the 
other hand, density increases with the increase in back-pressure. Reduction in foam 
quality in the wellbore is higher at the back-pressure of 200 psi (90% to 65%) as 
compared to that of 600 psi back-pressure (75 % to 54%). Similarly, reduction in 
velocity is higher at the back-pressure of 200 psi (6 tol.34 ft/s) when compared to the 
600 psi back-pressure (2.45 to 1.08 ft/s). Viscosity decreases significantly from 117.8 
cp to 28 cp at back-pressure of 200 psi whereas it reduces from 55 .2 cp to 9.7 cp at 600 
psi back-pressure. The reason for this could be attributed to the inverse relationship 
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between the pressure and gas compressibility. At high pressure, gas is denser resulting 
in lower gas compressibility. However, at low pressure, gas compressibility is higher 
leading to higher contraction of gas with depth. Therefore, at lower back-pressures, 
compressibility leads to higher reduction in foam velocity and quality as measured 
depth increases. Consequently, the decrease in foam quality results in significantly 
reduced viscosity at low back-pressures . 
As presented in Fig. 4.6 , the bottom-hole pressure is 1235 psi at back-pressure of 
200 psi while it reaches to 1912 psi at back-pressure of 600 psi. The increase in back-
pressure has a number of effects. It increases the bottom hole pressure directly. This 
means, ignoring other effects the bottom hole pressure increases by 400 psi due to the 
increase in back pressure. Additionally, increased back-pressure makes the foam less 
viscous and denser. This result in reduced friction pressure loss and increased 
hydrostatic head. However, the impact of hydrostatic pressure dominates the friction 
effect resulting in higher bottom hole pressure. 
Case II: Two simulations were run for different surface foam qualities of 0.8 and 0.9 at 
back-pressure of 300 psi . Total foam-injection rate was maintained constant at 23.43 
scf/s. Figures from 4. 7 through 4 .11 show the foam quality, density, velocity, apparent 
viscosity (at shear rate of 100 s- 1) and pressure profiles in the three-segment wellbore. 
The results demonstrate the effect of surface foam quality on foam properties profiles in 
the well bore. Figure 4. 7 shows significant reduction in foam quality in the well bore as 
the surface foam quality decreases . Bottom hole foam quality of 0. 73 is expected when 
the foam quality is 0.9 at the surface. The bottom hole foam quality reduces 
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Furthermore, the bottom hole density is found to be very sensitive to the change 
in surface quality. Results presented in Fig. 4.8 show significant increase in bottom 
hole foam density (0 .14 psi/ft to 0.24 psi/ft) as surface foam quality reduces from 0.9 to 
0.8. This is as a result of the higher hydrostatic pressure gradient at a lower surface 
foam quality resulting in more compression of gaseous component and hence higher 
reduction in bottom hole foam quality. The reduction in foam quality has a direct 
impact on the pressure profile. Figure 4.11 shows the increase in bottom-hole pressure 











0 500 1000 
Pressure (psi) 
- qua Ii 
- qua Ii 
1500 




Foam velocity is very important parameter that determines hole cleaning 
perfonnance. As shown in Fig. 4.9, down hole foam velocity is sensitive to change in 
surface quality. As 90% quality foam flow from the bottom of the hole to the surface, 
its velocity increases from 1.2 to 4.2 ft/s. The velocity increase depends on the quality 
of foam. Results clearly indicate that velocity increase is initially higher for viscous 
90% quality foam in horizontal and build-up sections because of expansion due to 
friction pressure change. However, in the vertical section, velocity increase is higher for 
80% quality foam due to increased hydrostatic pressure gradient leading to expansion of 
foam. Since the contribution of friction pressure loss is little as compared to hydrostatic 
pressure gradient in the wellbore, overall annular velocity change is higher for 80% 
quality foam . For 80% quality foam, the velocity increases from 1.4 to 4.7 ft/s as the 
foam flows from the bottom of the hole to the surface. 
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CHAPTER 5: MECHANISTIC FOAM CUTTINGS TRANSPORT 
MODELING 
In order to predict the cuttings concentration and pressure along the wellbore, it is 
essential to understand the theories, which are used to formulate a model and basic 
assumptions applied in simplifying the formulation. Since foam hydraulics have already 
been discussed in previous Chapter 4, in this chapter only foam cuttings transport model 
is presented. In horizontal wells, foam cuttings transport in steady state is described as 
a flow of layer of two different fluids (stationary bed and moving layer of foam flow) . 
In vertical section, only one layer is assumed. Three different model fonnulations have 
been developed to simulate: i) steady state foam cuttings transport in vertical and 
horizontal wells; and ii) transient cuttings transport. 
5.1 Model Hypotheses 
The following assumptions are considered in development of mathematical model for 
foam hydraulics and cuttings transport: 
1. Foam is a homogenous compressible fluid described by power law fluid model. 
2. Foam is considered as stable fluid and hence, its rheology does not change with 
time. 
3. There is no wall slip during foam flow . 
4. Slippage between foam and cuttings is considered. 
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5. Drill cuttings are considered to be spherical with unifonn size. 
6. Only convective transport of cuttings by bulk motion of fluid is considered. 
7. Transport by diffusion due to concentration gradient is neglected . 
8. Under steady state condition, clean foam fluid (without cuttings) is assumed to 
flow in the upper layer above stationary bed in the deviated section. 
9. Rotation effect of drill pipe is not considered. 
10. Only steady state water influx is assumed. Water flowing into the wellbore 
completely commingles with drilling foam . 
11 . Influx water accelerates to the new mean foam velocity instantaneously. 
5.2 Mechanism of Cuttings Transport in Vertical Wells 
When cuttings particles suspend in foam, the particles tend to settle due to the 
gravitational force. Initially, the counter-acting forces including the buoyancy and drag 
forces become less than the gravitational force. The imbalance of these forces results in 
particle accelerating and the subsequent increase in its relative velocity (slip velocity). 
However, with the increase in relative velocity of the particle, the drag force also 
increases until the net force acting the particle reduces to zero. At this point, the sum of 
upward forces becomes equal to the sum of downward forces , and the particle reaches 
its terminal (settling) velocity. The sum of the gravitational and buoyancy forces 
causing the particle to fall is given by: 
(5.1) 
The settling of the particle in the fluid results in slippage-opposing drag force , which 
can be expressed as: 
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F - C P[Vs2 rrd 2 
D - D 2 4 (5.2) 
where, C0 is the drag coefficient, d is the particle diameter and v5 is the slip velocity 
between fluid and solid particles . Under equilibrium condition, adding gravity, 
buoyancy and drag force , we get: 
v = (4gd (S5 -l))o.s 
5 3Co 
(5.3) 
where, 55 is the density ratio , which is equal to Ps /Pr Cuttings density (p5 ) vanes 
depending on the type of formation rocks being drilled. Different minerals constituting 
a rock matrix have different densities as shown in Table 5.1. However, cuttings used in 
the simulation study have a mean density of 2.3 glee . Drill cuttings particle size 
distribution is mainly related to the type of formation rock and drill bits. Generally, for 
determining particle size, a particle size distribution analysis is performed and the mean 
diameter (D50) is used to characterize the particle size. D50 is the particle size at which 
50 % of sand by weight has passed through the sieve. Using the particle size distribution 
results from Chen et al. (2005) experimental study, 80% of the cuttings are found to be 
distributed within a range of 2-4 mm. The sand mean diameter (D50) is 3 mm. 
Table 5.1 Common values of matrix density 






During foam drilling, foam flows up in the annulus and carnes the cuttings 
lagging behind it. The difference in the velocity between the fluid and the particles 
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depends on the drag coefficient and difference in the density of cuttings and foam . 
Since foam is a lighter fluid as compared to conventional mud, the difference in the 
density of cuttings and foam is higher causing a relatively higher slip velocity. 
However, higher viscosity of foam tends to prevent the slippage of cuttings in the foam 
and help hole cleaning. 
Since power-law rheological model has been used for characterizing foam fluid , 
the particle Reynolds number for power law fluid can be expressed as: 
(5.4) 
Volumetric flow rate of cuttings generated at the bit is given by: 
(5.5) 
5.3 Cuttings Transport with Foam in Horizontal Wells 
As previously discussed, drag force acts directly opposite to the gravitational 
force and helps in the lifting of particle to a larger extent. However, in the inclined or 
horizontal wells, drag force acts in the direction of fluid flow which makes an angle to 
the direction of gravitational force. The drag force has a reduced vertical component; as 
a result, higher foam velocity is needed to provide the required lifting force for cuttings 
suspension in inclined wellbore than vertical wells. However, excessive foam velocity 
is undesirable because of wellbore and casing erosion. Hence, with limited foam 
velocity, the drilled cuttings tend to deposit on the low-side of the wellbore. Once the 
cuttings bed is formed in the wellbore, foam flows over the bed in the remaining 
unblocked annular area (Fig. 5.1 ). 
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A can be seen in Fig. 5.1 , flow of foam cuttings mixture in steady sta te can be 
considered as two layers of different fluids with distinct properties: i) bottom stationary 
layer with equilibrium cuttings bed, and ii) upper moving layer with negligible cuttings. 
At the interface, the cuttings roll and bounce just above the surface of the stationary 
bed. 
Foam Fluid Layer 
Fig. 5.1 Cuttings transport with foam in horizontal annulus (Chen 2005) 
5.3.J Force Analysis in Particle Transport 
The knowledge of forces acting on a single particle can be helpful in the analysis 
of particle transport and re-suspension. The interaction between particles laying on the 
surface of the bed (Fig. 5.2) and the foam can be results in momentum transfer, which 
imposes hydrodynamic forces (drag and lift forces) on the particle in addition to the 
static forces. The hydrodynamic forces (Fig. 5.3) can be strong enough to initiate a 
motion to the particle. Therefore, it is very essential to study the details of these forces 
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Fig. 5.2 Arrangement of bed particles (Duan 2005) 
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Fig. 5.3 Drag and lift force acting on the surface of a bed particle (Chen 2005) 
There are two types of forces which acts on a particle suspended in fluid: i) static 
forces are gravity and buoyancy; and ii) hydrodynamic forces are forces acting on a 
particle due to the movement of the particle relative to the fluid . Drag and lift force are 
the dominant hydrodynamic forces which are experienced when a body moves relative 
to its surrounding fluid. These forces are the result of pressure and shear stress acting on 
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a body as shown in Fig. 5.3. The drag force and lift force are components of the 
resultant hydrodynamic force acting on a particle. 
F0 = ~(p cos a+ Tw sin a)dA (5 .6) 
and, 
FL = ~(p sin a - Twcosa)dA (5.7) 
where, a is the angle between normal vector (unit vector perpendicular to the particle 
surface) and local velocity u. 
Equations (5.6) and (5.7) are valid for any particle in a fluid . However, the 
difficulty lies in obtaining the shear stress and pressure distribution on the body surface. 
For a creeping flow past Newtonian fluid, forces around a sphere were integrated 
analytically by Stokes. It was found that two-third of the drag force is from the viscous 
component TwdA ; and one-third of the drag force is from the pressure component pdA. 
The drag force is expressed as: 
F0 = 4rrµuRP + 2rrµuRP = 6rrµuRP (5.8) 
Drag force is present in all types of flow around a solid bed particle and is mostly 
superior over other hydrodynamic forces. Lift force on a particle is present only if there 
is any asymmetry in the flow field. There is no lift force in this case (Fig. 5.3) as the 
flow is uniform producing no shear gradient along the axis perpendicular to the relative 
velocity. For complex flows, analytical integration of these forces is challenging; 
hence, drag and lift coefficients are introduced to calculate these force using empirical 
correlations. The drag and lift coefficients are defined as : 
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A number of con-elations for drag and lift coefficients are available. The 
con-elations have been developed for Newtonian fluids and later extended to the Non-
Newtonian fluids. Drag coefficient is a function of shape, size, surface roughness of the 
particles, fluid properties and flow parameters. Drag coefficient is only a function of the 
Reynolds number for spherical particles. However, for non-spherical particles, drag 
coefficient also depends on a tenn called sphericity, ll'. Sphericity of the sphere is 1 and 
it decreases with inegularity. Sphericity is defined as the ratio of the surface area of a 
sphere having the same volume as the particle to the surface area of the particle. The 
more inegular or non-spherical the particle, the greater the drag force acting on the 
particle. In this study, a generalized con-elation for drag coefficient of spherical particles 
presented by White ( 1991) is used. 
c = ~+ 6 + 0.4 
D Re 1+Re 0 ·5 p p 
(5.11) 
The above equation for drag coefficient (Eq. 5.11) can be applied for both Newtonian 
and Non-Newtonian fluids as well as for all the flow regimes including laminar, 
transitional and turbulent flows. Lift coefficient proposed by El-Samni ( 1949) for 
spherical particles is defined as: 




C = 5.82 --/Re L 2u dy p (CL > 0.09) (5 .13) 
5.3.2 Near-bed Wall-Sh ear Stress Determination 
In an eccentric annulus, cuttings bed influence the di stribution of loca l velocity 
and local shear stress during fo am flow. Fig. 5.4 shows the veloc ity distribution of a 
non-Newtonian fluid in concentric and eccentric annulus in the presence of cuttings 
bed. In general , loca l fluid velocity varies throughout the annulus with maximum being 
at zero stress location and minimum near the wall or the bed. 
(a ) 
(b) 
Fig. 5.4 Velocity distribution with cuttings bed in (a) concentric annulus; and (b) eccentric 
annulus (Aworunse 2012) 
In concentric annulus, axial velocity profi le remams uni fo rm throughout the 
annulus because of simple flow geo metry. However, when the inner pipe 1s off-
centered or cuttings bed fonns at the low-side of the annulus, the velocity profil e 
becomes non-uni fo rm and complex. Analytica l so lution is not diffi cult to obtain fo r 
eccentric annular flow of non-Newtonian fluids. Luo and Peden (1987) developed an 
approx imate model fo r flow in eccentric annulus. The eccentric annular flow was 
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modeled by as an infinite number of concentric annuli with variable outer radius. This 
procedure has been utilized for detem1ining near-bed wall-shear stress. 
Applying this technique, the eccentric annulus is divided into series of sectors of 
concentric annulus having an angle of i18 (Fig. 5.5). This procedure generates sectors 
of concentric annuli with different hydraulic diameter and different flow areas. From 
the continuity equation, the total flow rate across the annulus is the sum of the flow 
rates in the sectors. However, the pressure gradient across each sector is same 






Fig. 5.5 Flow geometries: a) eccentric annulus; and b) equivalent annulus with series of 
concentric annuli (Ahmed and Miska 2009) 
To derive the relationship between local velocity in each concentric sector and 









The average wall shear stress for power law fluid flowing in a concentric annulus under 
laminar flow condition can be expressed as : 
Tw = K (Zn+l 12v )n 
3n Dhyd 
( 5 .15) 
where, Dhyd is the hydraulic diameter of concentric annulus and v 1s the average 




_4_K (zn+1 izv )n =canst. 








( 5 .19) 
Hence, for a power law fluid , average velocity is proportional to the hydraulic diameter 
of the concentric annulus raised to the power n+i . For a Newtonian fluid , n = 1. Thus: 
n 
v /Dz = canst. 
hyd 
v = const.x D~yd 
(5 .20) 
(5.21) 
Hence, for Newtonian fluid , average velocity is proportional to the square of hydraulic 
diameter of the concentric annulus. 
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Example case: 
We divided the eccentric annulu into concentric sectors of angle 5° each. Area 
of a sector can be expressed as : 
2 2 5°/ Ai = 3.1415 * ((R - e cos(ea) - r ) x 360 0 (5.22) 
where, Bi is the total angle subtended by the sector (Fig. 5.6). Since average velocity in 
a sector is propo11ional to hydraulic diameter raised to the power n+i as shown in Eq. 
n 
(5.19) . Therefore, the flow rate through the sector: 
n+1 
(5 .23) 
Total flow rate in the annulus can be expressed as sum of the flow rates of each sector: 
n +1 
(5 .24) 
Hence, the constant can be determined by: 
(5 .25) 
Using the value of the above constant from Eq. (5.25) and substituting back in the Eq . 
(5.19), we get the local velocity of sector near bed surface: 
(5.26) 
Knowing the area (Af-b ed) and perimeter (Sf-b ed) of concentric sector near bed, 
hydraulic diameter can be calculated as: 
4Af-bed/ 




Using local velocity (Eq. 5.26) and the hydraulic diameter (Eq. 5.27) of 
concentric sector near the bed, wall-shear stress close to bed can be obtained: 
Tw = K(G(Z, n))n ( 8Vbed )n 
Dhyd.bed 
(5.28) 
where, Geometry factor G (Z, n) is calculated by (Fredrickson and Bird 1958): 
G(Z, n) = [ (3 -Z) n+l] [1 + ~] 
(4-Z) n 2 (5.29) 
When the dummy variable Z=O, that is pipe flow , and if Z= l , it reduces to the 
approximate solution of narrow annular flow . For different combination of diameter 
ratio (K) and fluid behavior index (n) , the dummy variable Z can be approximated by: 
(5 .30) 
Y = 0.37n-0 ·14 (5.31) 
5.3.3 Near- bed Velocity Profile 
As shown in Fig 5.3, the hydrodynamic forces acting on the bed particle depend 
on the local fluid velocity. Therefore, in order to estimate the drag and lift forces, it is 
necessary to develop a model to predict the local velocity near the bed . For laminar 
flow of power law fluid in eccentric annulus, the local velocity profile can be 
determined analytically using the narrow-slot approximate technique presented in Fig. 
5.6. According to this technique, the location of centre position (i .e. zero stress 
locations) in eccentric annulus can be expressed as (Vaughn 1965): 




Assuming shear stress varying linearly with distance from the wellbore wall to 
center position, the shear stress distribution in the annular space can be expressed as : 
where, /l is the value of y at which r = 0, yields the following integral equation: 
U ( T )l/n y lj Io du= Khfz Io (ll - y) ndy, y < /l 
U ( T )l/n y lj Io du = Khf 2 Io (y - /l) ndy, y > /l 
Hence, the velocity profile equations can be written as: 
u=n:,(';)'/n m[1-(1-'d:l y<A 
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Though the above equations are developed for the condition when there are no 
cuttings deposited in eccentric annulus, it is still valid for the annulus where negligible 
cuttings get deposited . If we assume that the stationary cuttings bed does not 
significantly change the velocity profile of foam flow in eccentric annulus, it is possible 
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to obtain the approximate local velocity at the centre of bed particle . The distance 
between the centre of the pa11icle and cuttings bed surface can be expressed as: 
d . 
y = -sm<p 
2 
where, <p is the angle of repose as shown in Fig. 5.2. 
V, 
............. 
. ... ... .... 
Fig. 5.7 Forces acting on a single cuttings bed particle (Duan 2005) 
5.3.4 Conditions for Cuttings Removal 
(5.38) 
According to the mechanistic modeling techniques (Clark and Bickham 1994; 
Ahmed et al. 2003c), to initiate movement of bed particles in inclined and horizontal 
wellbores, net lifting force or net rotating torque acting on a single bed particle should 
be greater than zero. The forces which contribute to the net lifting or net moment 
balance are drag and lift forces , force of gravity and buoyancy. 
Pa11icle lifting from cuttings bed generally occurs in the vertical or near vertical 
wells. For lifting to take place, the net force acting on a bed particle in the direction 
61 
nonnal to the bed plane should be positive. Applying force balance, the net lifting force 
can be obtained. 
F = "!!._ d 2 (CLu 2 _ dsina(s-l )g) 
n et 2 Pt 4 3 (5.39) 
where, a is the angle of inclination measured from vertical. 
As inclination angle increases, net lifting force diminishes and bed particles begin 
to roll over the surface of the bed before lifting occurs, then the net torque acting on the 
particle at the contact point between two adjacent particles detennines the state of 
motion of the particle. In the inclined and horizontal wells, rolling is the dominant 
transpo11 mechanism that occurs over the surface of a bed. Especially at high 
inclination angles, the particles roll and bounce along the bed. A contact point " P" of 
two neighboring particle shown in Fig. 5.7 is considered as the axis of rotation during 
particle rolling. To initiate particle rolling, the net torque must be positive (i.e. in the 
rolling direction) . Hence, applying angular momentum balance, the rolling condition 
can be mathematically described as: 
Tp =~(FD sin <p +FL COS<p -w sin(a + <p)) > 0 
2 
T = rrd 3 pf (Co sin qJ+CL cos <fJ U 2 _ dg(s-1 ) sin(<{J+a)) > O 
p 4 4 3 
5.3.5 Procedure for Calculating Equilibrium Bed Height 
(5.40) 
(5.41) 
The calculation of equilibrium bed height is dependent on the foam rheological 
properties and drilling parameters. Steps for calculating equilibrium bed height in the 
wellbore are given below: 
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Step 1. Divide the wellbore into small computational segments. 
Step 2. Assume initially clean wellbore without cuttings and calculate foam 
properties in each segment. 
Step 3. Gradually increase the bed height and use Eq. (5.27) to calculate the 
hydraulic diameter of a concentric sector near the bed. 
Step 4. Knowing the local sector velocity near the bed from Eq. (5.26) and 
hydraulic diameter for the concentric sector close to the bed, estimate the 
near-bed wall shear stress in the eccentric annulus. 
Step 5. Using the local wall shear stress in Eqs. 5.36 and 5.37 presented in Section 
5.3.3, calculate the local velocity at the centre of a particle, which is laying 
on the bed surface. 
Step 6. Knowing the local velocity and velocity-gradient, calculate the drag and 
lift forces acting on the particle. Use Eq. (5.41) to estimate the torque 
imposed on the particle. 
Step 7. If the resultant torque is greater than zero, it means that the cuttings 
deposition have reached the equilibrium bed height. If the torque is less 
than zero, increase the bed height and repeat Steps 3 to 7, until the 
resultant torque becomes greater than zero. 
The final equilibrium bed height will vary depending upon the location of the 
computational segment in the wellbore, fluid properties and drilling parameters. 
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5.4 Transient Cuttings Transport Model 
When drilling is started, cuttings generated at the bottom of the annulus start 
moving together with the drilling fluid . However, cany capacity of the fluid is limited 
and some of the particles deposit or accumulate in the annulus. As a result, the cuttings 
concentration increases with time along the wellbore until it reaches the steady state 
condition. The bottom part of the wellbore is filled with the cuttings first and 
subsequently the upper sections of wellbore are filled. In build-up and horizontal 
sections of wellbore, the cuttings deposit in the low-side of the well bore until the local 
fluid velocity becomes high enough to reach the critical velocity limit. At the critical 
velocity, net rotating torque or lift force acting on the cuttings becomes zero and 
cuttings deposition or accumulation reaches the steady state. Based on this, a new 
transient cuttings transport model for the three-segment wells has been formulated to 
investigate real-time accumulation of cuttings and pressure profile in the wellbore. This 
can help in successful application of foam drilling in depleted reservoirs . 
Fig. 5.8 Cuttings bed layer front movement 
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Equations (5.42a) and (5.42b) are the continuity equations representing 
conservation of mass for foam and cuttings, respectively: 
(5.42a) 
(5.42b) 
The above equations are discretized using backward difference m space and 
forward difference in time, Hence: 
a (C nu n) - csf usf-csf-1 Usi'..-1 - S · S · - ~-~~--=--~ ax L ! - fix 
a (C n) _ csp+1-csf 
at s i = ~-fl-t-~ 
(5.43a) 
(5.43b) 
Subsequently, the mass conservation equations for cuttings and foam can be expressed 
in discretized form as: 
Cfi.11+1 = 1 - csr+ 1 (5.45) 
where A is computational parameter defined as: A = b.t/ b.x . For build-up and 
horizontal sections, cuttings velocity is same as bed formation rate (i .e. cuttings bed 
front velocity during bed formation as shown Fig. 5.8), which can be given by: 
(5.46) 
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For vertical section, cuttings transport velocity can be calculated by subtracting slip 
from foam fluid velocity: 
(5.47) 
where, C5 is the cuttings volume concentration and c1 is the foam vo lume fraction. 
0 is the bed porosity. Us is the cuttings velocity. Abed is the area of the bed . \1s is the 
slip velocity 
The following initial and boundary conditions are applied for predicting cuttings 
concentration profile in wellbore at different time steps until steady state condition 
establishes. 
Cs( = O; i = 2,3, .. l (5.48a) 
Us( = O; i = 2,3, ... l (5.48b) 
Cs n - Qs · n - 1 2 N 1---, , ... 
Qs +Qr 
(5.48c) 




Cs( is the initial cuttings concentration in the grid i. 
Us( is the initial cuttings transport velocity in grid i 
Csf is the in-situ cuttings concentration at the bit at any time 
U sf is the cuttings velocity at the bit at any time 
Q5 is the solid/cuttings flow rate 
Qt is the foam flow rate at the bit 
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Here, the frictional pressure drop due to solid effects has been neglected and only the 
foam fluid friction factor has been considered . U f is the mean velocity of foam . 
Adding Equations (5.49a) and (5.49b), and neglecting the pressure variation due to the 
acceleration effects, the following expression can be obtained: 
(5.50) 
Discretizing the above equation by back-ward difference in space: 
For vertical section: 
n n Cfn ·U 2· 
-g Pi -pi-1 = (CF.np . + [snp )g + f i Pfi ft 
c t:i.x 1t ft L s 2Dhyd (5.51) 
After cuttings bed fomrntion, cuttings particles move on the bed-surface with the mean 
velocity of the foam. Consequently, suspended cuttings concentration in upper layer 




crn = o· 
l ' 
Before bed deposition (5 .52b) 
Crn =~= Cv · 
i Qs +Qr ' 
After bed depostion (5 .52c) 
For build-up and horizontal section: 
p~-pn Cfi·np iu 2. 
-g I !-1 = (CF.np . + cr.np )g cos a·+ f l f fl 




p~ = P8 ; n = 1,2 ... N (5.54a) 
Initial condition can be obtained by substituting Eq. (5.48a) in (5.53): 
p1-p1 PfiU2i 
-g i i-1 = p . g cos a · + /--r-
e f).x fl t 2D hyd 
(5.54b) 
Pressure calculation starts from the surface and goes down to the bottom. Here, P8 
denotes the back-pressure at the surface. 
Foam mass rate would be affected by the influx of formation fluids represented 
by the source term s1 . The source term in the Eq. (5.42a) is defined as the mass rate of 




5.4.1 Solution Algorithm of Transient Equations 
1. Start the calculations from the bottom to surface varying grid index i from 2 to L 
and repeat the computation for each time step. 
11. Solve Equations (5.44) and (5.45) for concentrations usmg the initial and 
boundary conditions. 
nt. For every time step, solve Eqs. (5.51) and (5.53) for pressure starting the 
calculation from surface to bottom varying grid index from L to 2. 
1v. Check if steady state condition has been estab li shed in all the grid using: 
ICCsii+ 1 - CsI1)/CsI1+il ~E (such as 1x10-6). 
v. If steady state has not reached, proceed to Step vi, else stop. 
vi. Increment the time step; N = n+ 1. Go to Step 1 and repeat the procedures for 
other time steps. 
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CHAPTER 6: RESULTS AND DISCUSSIONS 
In this chapter, model predictions for concentric horizontal annulus were 
compared with the experimental data presented by Chen (2005). After calibrating the 
model, sensitivity analysis was conducted considering the three-segment well profile 
presented in Section 4.3 .1. The sensitivity analysis with respect to drilling parameters 
was performed to investigate hole cleaning perfomrnnce of foam and present ways to 
optimize it. In addition, parametric study was conducted to examine the effect of water-
influx during foam drilling in vertical wells. 
6.1 Comparison of Model Predictions with Experimental Measurements 
Chen (2005) carried out cuttings transport experiments with foam at ambient 
temperature (80°F) and low pressure conditions (100 psi) in a concentric horizontal 
annulus. The effects of foam quality, polymer concentration and flow velocity on 
cuttings transport in horizontal annulus were experimentally investigated. Tests were 
conducted at different foam qualities varying from 0.7 to 0.9. At each foam quality, 
polymer concentration and foam velocity were varied from 0 to 0.5% and 2 to 6 ft/s, 
respectively. Other test parameters are presented in Table 6.1. 
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Table 6.1 Test parameters for cuttings transport experiments (Chen 2005) 
Parameters Value Unit 
Liquid density 8.3 ppg 
Solid density 19 ppg 
Drillpipe OD 3.5 inch 
Inclination 90 Degrees 
Hole size 5.76 inch 
Particle size 0.12 inch 
Back pressure 100 psi 
Surface temperature 80 oF 
Test parameters presented in Table 6.1 are used to predict equilibrium cuttings 
concentration in the concentric horizontal annulus using the model. Subsequently, the 
model predictions are compared with the experimental data of Chen (2005) . Figures 6.1 
through 6.5 compare cuttings concentration prediction of the model with the 
experimental measurements obtained at 100 psi and 80°F for varying concentration of 
polymer (Cp). As the flow velocity increases, both measured and predicted cuttings 
concentration decreases . Also, with the increase in the foam quality, cuttings 
concentration obtained from both the experimental observation and model prediction 
decreases. This is attributed to the increase in viscous forces , which improves hole 
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The comparisons how similarities and some discrepancies . From the results , it 
can be inferred that predicted cuttings concentration give a better match with the 
experimental data at low foam qualities (70% and 80%). However, for 90% foam 
quality, the cuttings concentration is over-predicted by the model. This could be 
because of foam bubble size effect. When higher quality foam is generated at high 
pressure conditions, finer bubbles are generated , and as a result, the foam flow 
properties deviate from the nomrnl trend, affecting hole cleaning perfonnance. 
For 90% quality foam at varying polymer (HEC) concentration, though the 
predicted cuttings concentrations follow the trend of measurements, discrepancies 
become significant with 0.5% polymer containing foam. The reason could be possibly 
due to inaccuracy in predicting rheological parameters using the correlation given by 
Chen (2005) . The correlation is valid for base liquid apparent viscosity (i .e. measured 
at 300 s- 1) ranging from 1 to 8.1 cp. However, the apparent viscosity of 0.5% HEC 
concentration is measured to be 8.1 cp, which is on the boundary line. Inaccurate 
prediction of rheological parameters such as consistency index can result in higher 
discrepancies in cuttings transport predictions. 
6.2 Dynamic Model Predictions in Three-segment Wellbore 
Cuttings concentration and pressure profiles are functions of drilling parameters 
and foam hydraulics. Operating parameters, which can significantly affect the cuttings 
concentration profile in wellbore, are back-pressure and injection rates of gas and 
liquid. For investigating hole-cleaning and pressure profile in eccentric annulus, a 
three-segment wellbore is considered as shown in Fig. 4.1. To perform a parametric 
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stud y, a well with I 0,000 ft measured depth is considered. N umerical computations 
were perfo rmed using 50-ft long wellbore segments (co mputational grids). Lengths of 
wellbore secti ons are presented in Table 4. 1. Sensitivity analy is was canied out by 
varying two important parameters: i) gas- inj ection ra te; and ii) back-pressure. Drillpipe 
eccentric ity of 50% is assumed with respect to ho le. Liquid inj ec tion of 2 bb l/min was 
maintained constant fo r all cases. Other simulation parameters are presented in Table 
6.2. 
Table 6.2 Input data for foam cuttings transport simulation 
Parameters Values Unit 
Liquid densi ty 8 .3 ppg 
So lid density 19 ppg 
Liquid inj ection rate 2 bbl/min 
Drillpipe OD 5 inch 
Hole size 9 inch 
Measured Depth 10000 ft 
Dog-leg angle 30 per 100 ft 
Pa rt icle size 0.15 inch 
Rate of Penet ra tion 150 ft/hr 
Surface t emperature 100 oF 
Temperature Gradient 1.2 °F/lOOft 
6.2.1 Effect of Inclination on Cuttings Transport: 
Cuttings concentration and pressure profiles change significantly with inclination 
during foam drilling. In conventional drilling, predicting the pressure profi le is 
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straightfonvard ; however, in foam drilling, difficulty lies in predicting the cuttings 
concentration and pressure profiles because of significant foam properti e variation in 
the wellbore. 
To investigate the effect of inclination on foam velocity and hole-cleaning, 
imulations were run for a three-segment wellbore. Back-pressure and gas-injection rate 
were maintained constant at 500 psi and 20 scf/s, respectively. Figures 6.6 and 6.7 show 
the variation of critical foam velocity and bed-height with inclination for steady state 
condition in the build-up section. At equilibrium condition, net torque acting on a 
particle is zero. Hence, using Eq. (5.41) the local velocity required to initiate particle 
movement (critical velocity) can be expressed as : 
2 4dg (s-1) sin (q>+a) u :::::: _.;;;..._ __ --'---
3(Co sin cp+CL cos cp ) 
(6. l) 
As we can see from Fig. 6 .6, local velocity near the bed increases with inclination 
until the inclination angle reaches 90-~ , where ~ is the angle of repose. The critical 
velocity decreases thereafter, until the well becomes completely horizontal. Equation 
6.1 clearly shows that the critical local foam velocity varies as a square root of the sine 
function. It has its maximum value at 90-~. Theoretically, this indicate that wellbores 
with inclination angle of 90-~ are the most difficult to clean. 
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Fig. 6.7 Bed height vs. inclination angle 
6.2.2 Effect of Gas-injection 
80 100 
Back pressure and liquid-injection rate were maintained constant at 500 psi and 2 
bbl/min, respectively while the gas-injection rate was varied from 20 to 25 scf/s . 
Figures 6.8 through 6.10 show bed height, transient cuttings concentrations and pressure 
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Fig. 6.6 Critical local velocity vs. inclination angle 
For inclination angle between 0 and 90-~, increased well inclination reqmres 
higher local fluid velocity to clean the wellbore. Thus, increasing the inclination angle 
at constant fluid flow rate, results in deposition of cuttings in the wellbore, which 
increases bed height and reduces flow area . The reduction in flow area increases the 
fluid velocity and prevents further deposition of cuttings. The process leads to a new 
steady state condition with increased inclination angle and equilibrium bed height as 
shown in Fig. 6.7. However, for inclination angle after 90-~ until the well becomes 
horizontal , fluid velocity required to clean the wellbore decreases . Consequently, bed-
height at constant foam flow rate decreases thereafter as shown in Fig. 6.7; thus 
increasing the flow area and reducing the fluid velocity. 
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Fig. 6.8 Bed height vs. depth in build-up and horizontal section: a) Qg = 20 scf/s; and b) Qg 
= 25 scf/s 
Figure 6.8 shows the bed-height profi le in the build-up and horizontal sec tions of 
the wellbore at di ffe rent gas-inj ection ra tes. Under steady state condition, bed height 
increases with measured depth until it reaches its peak value at inclination angle of 90-
~ · The fo mrntion of thick bed in thi s section crea tes a condition fo r stu ck-pipe to occur. 
For inclination angles greater than 90-~ , bed height s lightl y decreases with the increase 
in inclination. This is due to the change in fluid velocity required fo r hole-cleaning. 
From Fig. 6.8, it can be observed that increased gas-inj ection rate reduced the bed-
height from 0.2 1 to 0 .17 ft. The bed height reduction is due to increase in foa m 
viscosity resulting from higher gas injection ra te, which increases foam quality and 
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Fig. 6.9 Transient cuttings volumetric concentration in three-segment well: a) Qg = 20 
scf/s; and b) Qg = 25 scf/s 
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Figure 6.9 shows the cuttings concentrati on (including bed-height) as a function 
of time in the three-segment wellbore fo r different gas-inj ection rates. In the horizontal 
and build-up sections, cuttings accumulate on the low-side of the well bore and move by 
ro lling and bouncing alo ng the wellbore. It can be observed from Fig. 6.9a that after 71 
minutes of drilling, the bottom part of the we ll bore is filled with cuttings. The bed front 
has reached 8500 ft of measured depth . Similarly, after 247 minutes, bed front has 
reached to bottom of the ve1tica l section (5000 ft of measured depth). However, in the 
verti cal section, cuttings no longer deposit in the wellbore and remain suspended in the 
fluid and move upward a long the foam with slippage. As a result, cuttings 
concentration sharp ly decreases from 0.2 to 0.075 at 5000 ft of measured depth . After 
326 minutes, although bed height in hori zo ntal and build-up sections has reached the 
steady state condition, cuttings front still mov ing in the vertica l secti on approaching 
1000 ft depth. It is important to note that cuttings fro nt moves faster in vertical section 
than the build-up and horizontal sections. This is due to complete suspension of 
cutt ing in fluid as compared to deposition of cuttings in the build-up and horizontal 
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sec ti ons. Tl takes approx imately 120 minutes fo r cuttings to fill-up the ertica l section 
and 250 minutes to completely cover low-side of the build-up and horizo nta l ec tion 
wi th cutting bed , though measured depth of both sections are same. t steady sta te, 
cutt ings concentrati on in vertica l ec tion increases w ith depth due to decrea e in foa m 
ve locity (Fig. 4 .9). 
Comparing Figs. 6.9a and 6.9b, it can be infen-ed tha t cuttings co ncentration 
increases in the three-segment well as the gas- inj ection rate i reduced. Bottom-ho le 
and surface cuttings concentration are 0.22 and 0.04, respectively fo r 20 scf/ ga -
inj ection rate w hile increasing the inj ection rate to 25 scf/s reduces the bottom-hole and 
surface cuttings co ncentration to 0. 17 and 0.025, respectively. Furthermore, at lower 
flow rate (20 scf/s), it takes more time (370 minute ) for the cuttings to reach the steady 
state condition becau e of the decrease in foam velocity, which reduces cutting front 
velocity. 
Figure 6. 10 shows the transient pressure profile as a function of measured depth . 
initially, pre sure at the bottom of ho le increases slowly with time as the cuttings bed 
fo nn in the horizo ntal and highl y inclined (build-up) sections. Thi i beca u e of the 
increase in friction pressure loss. As the cuttings reach the vertica l secti on, additional 
hydrostatic pres ure gradient due to cutting ca uses further co mpres ion of foam and 
higher press ure drop with depth . It can be observed from Fig . 6 .1 Oa that until 247 
minutes, increase in bottom-ho le pressure is gradual ( I 00 psi). Then , the bottom-hole 
pressure increases more rapidly (i.e. 200 psi in 120 minutes). Comparing Figs. 6.1 Oa 
and 6. 1 Ob, pres ure along the well bore increa e as the gas-inj ec ti on rate is reduced due 
to reduction in ga fraction and hence increase in foam density. Bottom-hole pressure is 
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Fig. 6.10 Transient pressure profile in three-segment well: a) Qg = 20 scf/s; and b) Qg = 25 
scf/s 
6.2.3 Effect of Back Pressure 
Simulati ons were run fo r different back-pressures of 300 psi and 500 psi whil e 
liquid-inj ection ra te and gas-inj ection rate were maintained constant at 2 bbl/min and 20 
scf/s, respecti vely. The effect of back pressure on bed height in the build-up and 
horizontal sections is shown in Fig. 6 .11 . Bed-height increases as the back-pressure is 
increased. This is because of the decrease in foa m quali ty, veloc ity (F ig. 4.3) and 
viscosity (Fig. 4. 5) with increase in back-pressure resulting in poor hole c leaning and 
increased bed-height. From Fig. 6. 12, it can be inferred that cuttings concentration i 
relatively higher at higher back-pressure of 500 psi. Bottom-hole and surface cuttings 
concentra tion are 0 .22 and 0.04, respecti vely fo r 500 psi back-pressure while lowering 
the back-pressure to 300 psi reduces the bottom-hole and surface cuttings concentra tion 
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to 0. 18 and 0.02 , re pecti e ly. Furthenno re, it takes mo re tim e (370 minute) to 
e tabli h teady tale condition a t 500 p i back-pressure than 300 ps i back-pressure. 
This is a a result o f the decrease in foa m velocity and consequently, reduc tio n in 
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Fig. 6.11 Bed-height in build-up and horizontal section: a) Pb= 300 psi; and b) Pb= 500 psi 
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Fig. 6.12 Transient cuttings volumetric concentration profile in three-segment well: a) Pb 
=300 psi; and b) Pb= 500 psi 
Back-pressure has significant impact o n the bottom ho le pre sure during 
underbalanced drilling . As the simulati on results show in Fig . 6.13, botto m ho le 
pressure ha increased from 1600 psi to 2 100 psi w hen the back-pres ure is increased 
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fr m 300 to 500 psi. In foa m drilling, back-pre sure has primary and seco ndary effects 
on bottom ho le pressure. The 200 psi in bottom-hole pressure increase i due to the 
primary effect The remaining 300 psi increase is as a result of secondary effec ts such as 
contracti on of foam or reducti on of foam quality in the well bore, which increases foam 
density; and hence, the bottom hole pressure. In addition, reducti on in foa m veloc ity 
and viscosity leads to increased cuttings concentrati on (Fig. 6. 12) in the wellbore, 
causing increased hydrostatic pressure gradient and bottom hole pressure. Even though, 
v iscos ity reduction tends to reduce the fii cti on pressure loss, its impact on bottom hole 
pressure is negligible compared w ith the contributions of foam density and cuttings 
concentration changes. 















































Fig. 6.13 Transient pressure profile in three-segment well: a) Pb= 300 psi ; and b) Pb= 500 
psi 
6.3 Dynamic Model Predictions with Water-Influx in Vertical Wellbore 
Influx of liquid or gas during foa m drilling is not quite uncommon. Liquid influx 
due to underbalanced conditions reduces the quality of foa m and makes the foa m less 
vi cous causing hole cleaning problems. T hough proacti ve measures can be taken to 
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avo id exce i e influx, uncerta inty o f pore pressure and complex ity of und crba lanced 
drilling can re ult in large quantity of water influx. To inves ti ga te the effect o f wa ter-
influx on foam prope1tie and pressure pro fil e, a parametric stud y was perfo rmed 
assuming verti ca l well o f depth 10,000 ft. Simulation input parameters are given in 
Table 6 .3. After running the foam-cuttings transport s imulation keeping other drilling 
parameters (back-p ressure, liquid and gas-inj ection rate) co n tant, bo ttom-ho le pressure 
was found to be 1940 psi. A pore-pre ure of 2 11 0 psi is assumed fo r a reservo ir hav ing 
a productivity index of 20 bb l/day/psi to create a drawdown, which results in a wa ter 
influx given by: 
Water influx rate = (Producti v ity index x drawdown ) = 23 .36 gal/min 
Table 6.3 Input data for foam cuttings transport simulation in vertical well 
Parameters Valu es Unit 
liquid density 8.3 ppg 
solid den sity 19 ppg 
Liqu id Flow rate 2 bbl/m in 
Productivity Index 20 bbl/d ay/p si 
Drillpipe diameter 5 inches 
Hole diam et er 9 inches 
Depth 10000 ft 
Pore pressure 2110 psi 
Pa rt icle si ze 0.15 in 
Rate of Penetration 150 ft/hr 
Surface temperature 100 •F 
Temperature Grad ient 1.2 •F/lOOft 
Foam qual ity at surfa ce 90% 
Back-pressure 300 psi 
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Finally, the water-influx rate i inc luded in the ma teria l ba lance model to pred ict 
the change in foa m properties, and ub equ entl y ho le-cleanin g. Figure 6. 14 through 
6 .18 how the foa m qua lity, foa m veloc ity, tran ient cuttin gs co ncent ra ti on, pre ure 
and ECD pro fil e along the depth. W ith water-influx, there i a reducti on in foa m 
quality a long the wellbore. This happens because wa ter influx increase the fracti on of 
water in foa m. In addition, the increase in foa m den ity results in increa ed pre sure in 
the well bore, which compresses the foa m leading to further reduction in bo ttom-ho le 
quality. Consequently, bo ttom-hole qua lity reduces signifi cantl y from 0 .65 to 0.5 
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Fig. 6.14 Foam quality profil e: a) without water-influx; and b) with water-influx 
In pite of ubstantial amount of wa ter-influx rate, increase in foa m velocity is 
minimal (Fig 6.15). This happen because additiona l hydro tatic pres ure gradient due 
to water influx causes co ntrac tion o f the foa m and o ffsets any additi ona l increase in 
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Fig. 6.15 Foam velocity profile: a) without water-influx; and b) with water-influx 
Equilibrium cuttings concentra tion profil e remams almost the same. Bottom-
hole cuttings concentration slightly decreases fro m 0.039 to 0.037 because of wa ter-
influx (Fig. 6. 16). The slight di fference is due to the increased vo lume and density at the 
bottom of the well after wa ter-influx. Although foam quality and viscosity reduce after 
































Fig. 6.16 Transient cuttings volumetric concentration: a) without water-influx; and b) 
with water-influx 
Bottom-hole pressure at steady state condition is I 950 p i without water-in fl ux. 
However, with water-influx, it increases to 2 100 psi (Fig. 6. I 7) . From Fig. 6. I 8, it can 
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be ob erved that bottom-hole equiva lent circulating den ity at teady state condition 
increa es from 0. 165 p i/ft to 0. 178 psi/ft while the urface ECO incrca es slightl y from 
0.1J 8 to 0.126 psi/ft . Thi is due to higher reduction in foa m quality at the bottom of 
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Fig. 6.18 Steady state ECD profile: a) without water-influx; and b) with water-influx 
87 
CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
C uttings transport study w ith foa m was co nducted using a mechani stic model that 
predicts cuttings vo lumetri c concentration in the annulu . A computer program wa 
developed combining foa m hydrauli cs w ith the foa m cuttings transport model. U ing 
the program, imulations were canied out fo r steady state and transient fl ow conditions 
in three- egment wellbore and verti ca l well. The program predicts di ffe rent parameters 
including cuttings concentration and pressure profiles. The following co nclu ions can 
be deduced from the study. 
1. Model predictions showed a good match with experimental results for 
concentric horizontal annulus except at po lymer concentrations (>0.25 %). 
11. The simulation results show that higher gas- inj ec ti on rate (quality grea ter than 
80%) and lower back-pressure (below 500 psi) favors good and faste r ho le-
cleaning. However, increasing gas-injection rate can reduce any abrupt impact 
on bottom-hole pressure and hence preferred over back-pressure control. 
111. The results sugge t that back-pressure has a significant impact on bottom-hole 
pressure w ithout affec ting much of its ho le-cleaning capac ity and can be used 
for instant adjustment in bottom-hole pressure. However, gas-inj ection ra te has 
a gradua l impact on changing the bottom-hole pressure. 
1v. Ga and liquid-inj ecti on rates , back-pressure and inclination impact th e time 
taken for the cuttings to reach to the surface and stabi lize the bottom-hole 
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pre sure. utting mo e much fas ter m vertica l ec tion as compared to the 
deviated secti ons. 
v. Foam has a tendency to abso rb plenty of fo rm ation water during wa ter-influx 
causing reduction in qua lity by as much as 23 %. However, reduction in its hole-
c leaning capacity is minimal and determined by th e amount of influx ra te. 
vi. Hole-cleaning is a function of inclination. The result shows that bed he ight 
increases w ith increas ing inc lination angle until it reaches 90-~ and then reduces 
crea ting suitable condition fo r stuck-pipe to occur. 
Recommendations 
1. Addition of appropriate po lymer concentra ti on to the base liquid 1s 
recommend ed to give viscosity and stability to the foam . 
11. Foam is preferable in drilling horizo ntal well s with long di splacement. Foam 
properties remain more consistent and intact in horizontal section. This helps in 
the stabili ty of foam and mitiga ting any und es irable variation in bed-height and 
pressure p rofil e. 
11 1. It is recommended to predict rea l-time cuttings co ncentra tion and pre ure 
profil e to proacti vely fo recast the impact of changing drilling parameters. 
1v. ln case o f water-influx, it is recommend ed to keep observ ing the foa m qua lity at 
the annulus. Reduction in the foa m quali ty during influx can be mainta ined by 
increasing the gas inj ection ra te and adju sting the back pressure simultaneo usly 
to maintain the des ired underbalance. 
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R eco111111e11datio11 for Furth er Study 
1. Since the particles may ary both in ize and hape, it i nece sary to tudy the 
effect of different particle sizes and hape on the cu ttings co ncentra tion and the 
pre sure profile a long the wellbore. 
11. Pipe ro tation ha a major effect on the cutting co ncent rat ion di tributi on in the 
annulus. Hence, it is necessa ry to tudy the effect of pipe rota tion on cuttings 
concentration in the annulus . 
111. Study of the effect of w ide range of foam-quality, different polymer 
co ncentration and stability period of foam is necessary to des ign foa m befo re 
und erbalanced drilling. 
1v. Further stud y on improv ing the loca l stress and loca l velocity in the eccentric 
annulu is necessary to accurately predict the equilibrium bed height in the 
horizo ntal secti on of a well bore. 
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mo mentum con ecti on fac tor 
Slip coe ffic ient 
hyd raulic diameter of annulus 
Foam co nsi tency index 
Ba e liquid co nsi tency index 
fluid behav ior index 
foa m qua lity 
base liquid viscosity 
foam apparent viscos ity 
L iquid density 
gas compress ibility fa ctor 
wa ll shear stress 
density of so lid cuttings 
density of foam 
density ra ti o of cuttings to foa m fluid 
s lip veloc ity between fluid and so lid partic les 
mea n foa m velocity in annulus 
rate of penetra ti on 
Diameter of hole 
pa1t icle diameter 
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A ngle of repo e 
Reyno lds number of partic le 





verti cal height from the wellbore botto m to the drillpipe bottom 
vertical height from the we llbore bottom to the drillpipe top 
eccentri city o f pipe 
total wetted parameter 
wetted perim eter o f the outer we ll bore 
wetted perim eter of the inner drill pipe wa ll 
wetted perimeter of a cuttings bed 
fluid fl ow area above the cuttings bed 
Geometry fac tor as a functi on of Z and n 
Pseudo- reduced temperature 
Pseudo-reduced pressure 
Outer cas ing di ameter 
Inner pipe diam eter 
Loca l veloc ity at the center of particle 




GENERAL CONFIGURATION OF ECCENTRIC ANNU L US GEOMETRY 
Partiall y blocked annular geo metry occurring in inc lined and horizo nta l 
wellbore i shown in Fig. A. l. To determine the rela ti ve po ition of the pipe with 




(A. I ) 
where, 'R-r' is the di fference between the radii of the wellbore and the pipe, and 'a' is the 
offset distance between the centre of the we llbore and the centre of the pipe. 
Eccentri city is pos iti ve when the drillpipe centre is below the centre of the well bore and 
negative when it is above the wellbore centre. A lso, the eccentricity has direc tion and 
the pipe can ali gn in the hori zonta l direc tion as in the vertica l direc tion. However, in 








Fig. A.I General Wellbore geometry configuration (Duan 2005) 
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Denoting av a the vertica l component of th di tance betwe n the well bore center 
a nd the drillpipe center, av ca n be expre ed a : 
av= (R-r)ecos{J (A .2) 
where, h1ow i the ve11ica l height fro m the wellbo re bottom to the drillpipe bottom and 
hhigh i the vertica l he ig ht from the wellbore bo ttom to the drillpipe top. T he vertica l 
heights are ex pressed as: 
(A.3) 
h11 igh = R + r - av (A.4) 
For a g iven bed he ight, to tal wetted perimeter and area ca n be ca lcul ated as: 
(A.5) 
(A.6) 
where, S is the to ta l wetted parameter, S0 i the wetted perimeter of the outer wellbo re, 
Si is the wetted perimete r of the inner drillpipe wa ll , Sb i the wetted perimeter of a 
cuttings bed and Ar i the fluid fl ow a rea above the cuttings bed . The ca lculatio n 
procedure of annul ar geo m etri c para me ter depends o n the level of cuttings bed he ight. 
easel: h < h1ow 
(h-R) 80 = 2arccos R 
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Sb = 2.j R2 - (R - h) 2 
A0 = R2 80 + (R - h).j R2 - (R - h) 2 2 
2 8 · A · =T ___!. 
L 2 
Therefore, 
S = 2Rarccos c~R) + 2rrr + 2.j R2 - (R - h)2 
Ar = R2 arccos c~R) + (R - h).j R2 - (R - h) 2 - rrr 2 
Case 2: h1ow < h < hhigh 
S = 2Rarccos c~R) + 2rarccos [h-~_+ av ] + 2J R2 - (R - h)2 - 2.j r2 - [R - h - avJ2 
Ar = R2arccos C;R) + (R - h)J R2 - (R - h) 2 - r2arccos c-Rr+a.) - [R - h - avJJr 2 - [R - h - avF 
Case 3: h > hhigh 
S = 2Rarccos c~R) + 2.j R2 - (R - h) 2 
Ar = R2 arccos c~R) + (R - h).j R2 - (R - h) 2 
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